INTRODUCTION
In minimally invasive surgery performed through key holes, special surgical instruments are developed to accomplish surgical goals with minimal trauma to a patient. Taking the single port access surgery for an example, surgical treatment is fulfilled through a single trans-umbilical port. Special surgical instruments are made for this type of surgery by incorporating several articulations or curvatures along its long length shaft to avoid conflictions between hands of surgeons (Martinec, Gatta, Zheng, Denk, & Swanstrom, 2009; Swanstrom, Whiteford, & Khajanchee, 2008) . Surgeons learn to use these tools with a long practice phase. Human factors scientists are interested in learning to what degree a human operator could accommodate to tool complexity without degrading his/her manipulation. Fundamentally, this is a question about how a tool's mechanical properties are perceived and how they affect a motor program.
Knowledge learned from natural manipulation helps us to explore the sensorimotor integration process in tool use. When using bare hands, sensorimotor integration is straightforward and precise. In Jeannerod and Decety's studies where subjects were required to open the thumb and index finger to the width of a screen-displayed graphic object without seeing their acting hands, the peak apertures measured at the tips of the fingers matched well to the object sizes (Jeannerod & Decety, 1990) . In their tasks, visual information about the object received by a subject was integrated with proprioception of the hand. These two sources of sensory information were integrated beautifully; information transformation through separate visuomotor channels is highly accurate. Specifically, regression coefficients between the aperture of hands (guided by proprioception) and object size (guided by vision) ranged from 0.91 to 0.97 for graphic objects (Jeannerod & Decety, 1990) and 0.99 for physical objects (Marteniuk, Leavitt, & MacKenzie, 1990 ).
When the identical task is about to perform by holding a grasper in the hand, some concerns on sensorimotor integration come to our mind that may affect matching accuracy. Firstly, the hinge at the grasper changes the length ratio between the hand and tip of the tool. Mental calibrations are needed to constantly translate the information of a tool (geometry and mechanical properties) into the human motor system. The outcome of mental calibrations will need to integrate with sensory feedback during the movement and guide the movement. Secondly, adding a tool to the hand creates a physical boundary and substantially introduces a sensory gap between the hand and tool (Iriki, Tanaka, & Iwamura, 1996) . Proprioception ends at the tips of the hand with no extension to a tool. Therefore, the feedback about the tool is heavily dependent on the visual system. In the case where visual feedback is not available, the movement control of the tool will primarily depend on mental calibrations; matching outcomes with a grasper would reflect the accuracy of mental calibrations.
In this study, we repeated the experiment conducted by Jeannerod and Decety in 1990 but had the subject perform the matching task using a grasper held in the hand. We would like to examine how accurate the mental calibration is working between tool, hand, and object. We hope the answer to that question will provide a clue to how a remote movement is programmed and controlled, given the enormous complexity and mechanical properties of a tool.
To further scrutinize the nature of mental calibrations in tool use, we designed a special grasper with a changeable hinge (Figure 1 ). When the hinge was installed at the middle of the grasper, we constructed a grasper with 1:1 length ratio (1:1 grasper). When the hinge was placed in a position where the length from the hinge to the jaws was twice as long as the length from the hinge to the handle, the grasper had a 1:2 length ratio (1:2 grasper). Using this 1:2 grasper, every one unit opening or closing at the handle causes two units of opening or closing at the jaws of the tool. By keeping every other physical property identical except for the length ratio, we investigated how the central mechanism perceives the 1:2 length ratio; was it treated as one single step as a 1:1 tool, or a multiple steps with more intricate mental calculation? Since mental calibrations are complicated and often lack accuracy (Metzler & Shepard, 1974; Shepard & Metzler, 1971) , we predicted that the matching outcome would be more erroneous under a tool usage condition than matching using the hand directly. Specifically, two hypotheses were tested in this study.
1. The constant and variable errors of matching apertures would be significantly larger when using the graspers (either the 1:1 or 1:2 grasper) than using the hand directly. Specifically, when correlating the peak apertures and the object sizes, the association between the peak aperture measured from the tool tips and the object size would be weaker than the association between the peak aperture of the hand and the object size.
2.The above difference between natural and remote matching tasks would be more pronounced when using the 1:2 grasper than the 1:1 grasper because greater mental calibrations might be needed
METHODS
This study was conducted in the Enhanced Virtual Hand Laboratory at Simon Fraser University of Canada (MacKenzie, Booth, Dill, Inkpen, & Payandeh, 2000) . Kinematics was collected by an OPTOTRAK 3020 3D motion analysis system (Northern Digital Inc., Waterloo, Ontario).
Participants:
Eight right-handed university students with normal or corrected-to-normal vision were included in the experiment. Ethical approval from the University Research Ethics Committee was obtained. Participants provided informed consent and were provided a small honorarium for their participation.
Apparatus:
Subjects sat comfortably in front of a testing table. At 64 cm above the testing table, a monitor was placed upside-down, with the left/right image reversed. The screen of the monitor was parallel to the testing table. Half way between the table and the screen, a mirror was positioned which reflected images that were presented on the monitor. When performing the tasks, the hand and the grasper at the hand were under the mirror; thus, subjects could only see the target cube reflected by the mirror but were not able to see the hand or grasper underneath the mirror.
The position data were provided by infrared emitting diodes (IREDs) placed on the wrist, the thumbs, the index finger of a subject's preferred hand, and the two tips of the grasper ( Figure 1 ). Position data from IREDs were sampled at 100 Hz, interpolated at 4 frames, and filtered at 4 Hz using the WATSMART program.
Tools and holding pattern:
The grasper used in the study was a 12 cm long speciallymade with two hinge locations. The hinge of this grasper was alternated between: 1) the middle of the grasper and 2) one third (4 cm) of the total length to the handle (Figure 1) . When holding the grasper in the hand, participants were clearly informed of the different hinge locations and their corresponding length ratios.
Task and Procedures:
In the experiment, the object was a 3D graphic cube generated by a computer. The object size was 8, 16, 24, or 32 mm/side. Each cube size was randomly presented 6 times for each of the experimental conditions. Subjects were required to perform tasks by hand, using the 1:1 grasper, and the 1:2 grasper in a counterbalanced order.
When an object was displayed, subject was required to open the hand or the grasper to match the size of a virtual object without moving their arms. Tasks did not have speed requirements, but subjects were required to match object size as accurately as possible. Because no physical object could be grasped, subjects actually opened and then enclosed their fingers or jaws of the graspers around the graphic object, pretending that the object was properly held.
Aperture kinematics
The peak aperture (PA) of the effectors was determined by picking up the maximal absolute distance between the IREDs on either index finger and thumb (the hand conditions) or the jaws of the grasper (the tool conditions).
To estimate when the peak aperture occurred, the aperture data were differentiated to obtain the velocity profiles of aperture. An algorithm was then developed to determine the start and the end of movement. This algorithm searched resultant aperture velocity data on each trial for the peak 1:2 1:1 opening velocity and then worked backward for the first occurrence of a start criterion velocity of 2 mm/s. The end of movement was determined in the similar fashion; however, the closing criterion velocity of 2 mm/s was searched forward from the peak closing velocity.
To compare peak aperture between the hand and using a grasper in the hand, we removed physical differences of the end-effectors between using the hand and using the grasper. Initial IRED distance (IID) was calculated for this purpose.
IID was computed by averaging aperture over 5 consecutive frames 50 ms prior to the start of movement. At this moment, the thumb and the index finger or the jaws of the graspers were closed and touching the start line. After IID were subtracted from the aperture profiles, adjusted peak apertures (adjPA) were obtained. The adjPA reflected the amount the aperture enlarged during the matching movement regardless whether using the hand or the tools.
The aperture at the end of movement was the aperture at which subjects believed the object had been best matched. This final aperture (FA) was determined by averaging aperture over 5 consecutive frames prior to the end of aperture. Also, adjusted final aperture (adjFA) was calculated by subtracting IID for each trial.
The aperture data were analyzed with a 3 manipulator (hand, 1:1 grasper, 1:2 grasper) × 4 object size (8 mm, 16 mm, 24 mm, 32 mm) within subject ANOVA. By this model, each subject was required to perform the matching task using the bare hand and holding two types graspers in a counterbalanced order to match objects randomly presented in 4 different sizes. A priori, α was set at 0.05 for all statistic analyses.
Constant errors (CE) and variable errors (VE)
The adjFA was computed at the end of matching at which point subjects believed the object had been best matched. The signed (+/-) deviation of the adjFA from a given object size was calculated for each trial and this was the constant error of the adjusted final aperture (adjFA-CE). Negative CE indicated the final aperture was smaller than the object size. This happened because object size was graphically displayed. The adjFA-CEs were averaged over six trials for each experimental condition, and means were used for statistical analyses.
The adjFA-CE was analysed with a 3 manipulator × 4 object size within subject ANOVA.
Regression
The value of peak aperture reflects the characteristics of a central program for grasping rather than feedback control (Jeannerod & Decety, 1990; Marteniuk et al., 1990) . Regression coefficients (r) were computed for the adjPA and the size of the object. For each experimental condition of each subject, the linear relationship was described using the regression equation as: adjPA = a + b (object size) Because the r is not normally distributed, Fisher's transformation was performed to produce a function that is approximately normally distributed rather than skewed. Then, a simple ANOVA was performed on transformed r values (r') to examine whether the correlation between the object size and the adjPA varied over experimental conditions.
RESULTS

Aperture kinematics
AdjPA was calculated by subtracting a IID (hand: 22 ± 1 mm ; 1:1 grasper: 14 ± 1 mm; 1:2 grasper: 18 ± 1 mm) from PA. Analyses on adjPA revealed the main effects of manipulator (F 2,12 = 34.93, p < 0.001) and object size (F 3,18 = 32.24, p = 0.001).
Averaging over experimental conditions, the adjPA was significantly wider between fingers in hand (21 ± 2 mm) than tips in graspers (1:1 grasper: 8 ± 2 mm, 1:2 grasper: 13 ± 2 mm). The adj PA increased correspondingly with the increase of the object size (8 mm: 7 ± 1 mm, 16 mm: 11 ± 2 mm, 24 mm: 16 ± 2 mm, 32 mm: 25 ± 4 mm).
The significant interaction between manipulator and object size (F 6,36 = 7.72, p = 0.019) showed that the adjPA was systematically underestimated object size. The underestimation was progressively larger with the increase in object size, especially when using the graspers (Figure 2 ). The final aperture echoes the efforts of the participants matching end-effectors of the hand and tools to the object without visual feedback. Analyses of adjFA revealed main effects of manipulator (F 2,12 = 23.97, p < 0.001) and object size (adjFA, F 3,18 = 25.05, p < 0.001).
The adjFA measure in hands was 20 ± 2 mm, significantly wider than the tool using conditions (1:1 grasper: 7 ± 2 mm, 1:2 grasper: 11 ± 3 mm). Again, the hand was overshooting; and the tool was underestimating the object size.
Interaction between manipulator and object size for the adjFA (F 6,36 = 7.72, p = 0.019) showed similar pictures to adjPA, i.e., final hand aperture increased with increasing object size; however, the increases of final aperture were relatively small when using the graspers, compared to using the hand directly (Figure 3) . 
Constant errors (CE) and variable errors (VE)
Analyses on adjFA-CE revealed significant effects of manipulator (F 2,12 = 30.81, p < 0.001), object size (F 3,18 = 12.74, p = 0.010) and their interaction (F 6,36 = 12.46, p = 0.001, Figure 4 ).
When matching object size using the hand, relatively smaller constant errors (adjFA-CE = 0.2 mm) were observed compared to using the graspers (for 1:1 grasper adjFA-CE = -13.0 mm; for 1:2 grasper adjFA-CE = -9.7 mm). Post Hoc tests revealed that the differences were present between using the hand and graspers but not between the two graspers. Therefore, our second hypothesis on the matching accuracy between the 1:1 and 1:2 grasper was not supported.
Averaged over all conditions, the adjFA-CE increased as the object size increased (For 8 mm object, adjFA-CE = -2.2 mm; for 16 mm object adjFA-CE = 6.8 mm; for 24 mm object adjFA-CE = 10.2 mm; and for 32 mm object adjFA-CE = 10.8 mm).
Matching to the smallest object (8 mm) using the hand (adjFA-CE = 1.2 mm) was more accurate than matching with the grasper (-5.3 mm for the 1:1 grasper and -2.9 for the 1:2 grasper).
The differences of adjFA-CEs between the hand and the grasper conditions were more pronounced to the objects with the larger sizes. Specifically, matching to the 32 mm object with the bare hand, the adjFA-CE (1.2 mm) was smaller than using the 1:1 grasper (-19.2 mm) and the 1:2 grasper (-14.3 mm). The two times length ratio of the 1:2 grasper enabled the grasper to open wider; therefore, adjFA-CEs made by using the 1:2 grasper were smaller than the 1:1 grasper.
Regression
When using the hand directly in the motion, the correlations between the subject size and the adjPA were reasonably high (r ranges from 0.82 -0.88). r-values were lower when subjects performed tasks using the graspers, no matter whether it was the 1:1 grasper (r ranges from 0.60 -0.61) or the 1:2 grasper (r ranges from 0.51 -0.54).
A linear regression analysis on adjPA and object size showed adjPA (mm) = 3.77 + 0.67 (object size) which accounts for 78% of the variance with a standard error of 4.25 mm. In contrast, when using the 1:1 grasper in static matching tasks, the regression equation was adjPA (mm) = 13.66 + 0.73 (object size) which accounts for 36% of the variance with a standard error of 7.23 mm; and, when using 1:2 grasper, the regression equation was adjPA (mm) = 13.61 + 0.48 (object size) which accounts for 29% of the variance with a standard error of 7.74 mm. Graspers affected the intercept, compared to the bare hand matching.
Testing this relationship using Fisher transformed r', a significant main effect of manipulator (F 2,12 = 6.81, p = 0.006) was revealed. The strength of the relationship between the adjPA and object size was significantly different between the hand conditions and the grasper use conditions, but not between using the 1:1 and 1:2 grasper.
DISCUSSION
The above findings support our first hypothesis that there was a clear behavioral gap between using the hand and tools in matching task. Matching to an object using the tools was more erroneous than using the hand directly. Compared to bare hands, matching by holding a pair of graspers requires translation between the hand and the tool. Mental calibrations play a role in this process to bridge the proprioception at the hand to tool's mechanic properties. Inferior matching accuracy in the tool use condition indicated the outcome of mental calibrations is not sufficient for guiding precise movement with a tool. Results of this study also prove the importance of visual feedback in remote manipulation with tools.
The evolution of minimally invasive surgery resonates with our findings. In the early stage of minimally invasive surgery, surgical procedures were performed under the poor visualization on surgical site. Surgeons experienced high mental stresses under such poor visual guidance (Berguer, Smith, & Chung, 2001) . As a result, high complication rates were reported in association with the early laparoscopic procedures compared to the same procedures performed openly (Connor & Garden, 2006; Way et al., 2003) . The laparoscopic complication rate reduced with the introduction of high quality imaging devices in the OR and the appropriate image-displaying guideline (Emam, Hanna, & Cuschieri, 2002) .
Our second hypothesis was not supported. The tool's length ratio was processed with similar manners between the 1:1 and the 1:2 graspers. Results suggest that this tool property can be perceived and translated in a single step.
Taking this message to the surgical context, it suggests surgeons can adapt to complex tool and maneuver the tool effectively as long as the end-effector of the instrument is under visual guidance. Studies on neurological mechanism for tool control provide additional supports on this statement. When the tips of a tool (or a fake hand) is displayed to a human subject with direct vision, visual information from the tips of the tool are integrated adequately with proprioception at the handle of the tool (Iriki et al., 1996; Maravita, Spence, & Driver, 2003; Maravita, Spence, Kennett, & Driver, 2002) . Visual feedback surpasses mental calibration on course of manipulation with a tool.
One limitation of this study was that only one type of tool property (length ratio) was tested. An ideal setting would be to create a tool with variable tool properties (shape, weights, length ratio, etc.) but constant end-effectors. By matching to objects using this tool, we will be able to test whether matching accuracy would be preserved over different tool properties. Results will further our understanding on the control mechanism on remote manipulations.
In summary, movement precision is inadequate without appropriate visual feedback in remote manipulation. A mental calibration per se is not sufficient to guide a precise movement with a tool. Further studies are needed to explore the control mechanism of mental calibrations on tool's properties.
